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Propagation of a shock‐related disturbance
in the Earth’s magnetosphere
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[1] The Grand Unified Magnetosphere‐Ionosphere Coupling Simulation, version 4,
magnetohydrodynamic simulation of the interplanetary shock event on 9 November 2002
is used to determine the shock‐associated disturbance propagation characteristics inside
the Earth’s magnetosphere. Interaction of an interplanetary fast forward shock with
the magnetopause caused a shock‐related disturbance inside the magnetosphere that
propagated at a speed significantly higher than that in the solar wind or magnetosheath.
The propagation direction of the disturbance was calculated from the Rankine‐Hugoniot
conditions, velocity and magnetic coplanarity, and minimum variance analysis and is
shown to vary in different regions of the magnetosphere. Furthermore, the impulse
disturbance wave mode changes as the plasma and field conditions change inside the
magnetosphere. These results bring important new information about the propagation
processes that is not directly obtainable from point measurements made by (even several)
spacecraft. On the other hand, comparison of ionospheric observations from the IMAGE
magnetometer chain with geosynchronous data allow us to also interpret the double
step structure observed at dayside geosynchronous orbit, which is below the simulation
resolution. This combination provides us with quite a complete view on shock propagation
inside the magnetosphere.
Citation: Andreeova, K., T. I. Pulkkinen, L. Juusola, M. Palmroth, and O. Santolík (2011), Propagation of a shock‐related
disturbance in the Earth’s magnetosphere, J. Geophys. Res., 116, A01213, doi:10.1029/2010JA015908.
1. Introduction
[2] Sudden increases in the solar wind dynamic pressure,
such as interplanetary shocks, cause compression of the
magnetosphere and earthward motion of the magnetopause.
At the same time, the magnetopause current is intensified.
The motion and intensification of the current is recorded at
the Earth’s surface as a sudden increase in the geomagnetic
field intensity. This feature is known as a sudden impulse, or
sudden commencement [Le et al., 1998; Le and Russell,
1998; Zhuang et al., 1981].
[3] Interplanetary shocks can be divided into four groups
according to the associated changes in the solar wind plasma
and interplanetary magnetic field (IMF) [Burlaga, 1971]:
fast forward, fast reverse, slow forward, and slow reverse
shocks. These are mainly driven by two sources, coronal
mass ejections (CME) and corotating interaction regions
(CIR). This study concentrates on fast forward shock (FFS)
events, which propagate earthward from the sun with speed
of about 50–200 km/s in the reference frame of the ambient
plasma [Berdichevsky et al., 2000].
[4] Interaction of the fast forward shocks with the Earth’s
bow shock and magnetopause has been studied by several
authors using gas dynamic and magnetohydrodynamic
(MHD) models or Rankine‐Hugoniot conditions [Spreiter
and Stahara, 1994; Grib et al., 1979; Grib, 1982; Zhuang
et al., 1981]. There are different approaches to study how
the IP shock propagates through the magnetosphere,
whether it is by the IP shock driven at the magnetopause or a
wave launched by the interaction of the magnetopause with
the IP shock, which is already discussed by Huttunen et al.
[2005] and Collier et al. [1998]. After interaction with the
fast forward shock, the bow shock starts to move earthward
[Šafránková et al., 2007]. Three new discontinuities appear
downstream from the bow shock in addition to the FFS: a
forward slow expansion wave, a contact discontinuity, and a
reverse slow shock [Koval et al., 2005, 2006b; Samsonov et
al., 2006]. Even if the shock surface in the solar wind is
curved at larger scales, on the scale size of the Earth’s
magnetosphere it is sufficient to assume that the shock front
is planar [Szabo et al., 2001]. In the magnetosheath, the
shock front becomes curved especially near the flanks of the
magnetotail [Koval et al., 2005, 2006b; Samsonov et al.,
2006] and decelerated to speeds in the range from about
one third to about a quarter of the original shock speed [Koval
et al., 2005; Villante et al., 2004]. A time delay from the first
interaction of the shock with the bow shock to the observation
of the disturbance on the ground has been estimated to be
approximately about 5 min [Villante et al., 2004].
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is higher in the Earth’s magnetosphere than in the solar
wind near Earth orbit. A FFS propagating with shock front
almost perpendicular to the Sun‐Earth line causes a sudden
increase in the solar wind dynamic pressure, speed, and
magnetic field. When the FFS reaches the magnetopause,
the earthward motion of the boundary produces different
types of waves propagating within the magnetosphere:
Tamao [1964] found isotropic compressional hydrodynamic
waves generated at the magnetopause, propagating inward
into the magnetosphere at speeds higher than the local
Alfvén wave speed. Wilken et al. [1982] estimated the
propagation speeds to be about 600 km/s in the radial
direction from geostationary orbit to ground, and about
910 km/s in the azimuthal direction in the equatorial plane.
Finally, Nopper et al. [1982] estimated an impulse distur-
bance speed about 1500 km/s at geostationary orbit.
[6] Recently, Juusola et al. [2010] referred to the topic of
ionospheric signatures of the arrival of a pressure pulse at
the magnetopause. The main source of ground magnetic
disturbances at high latitudes are the ionospheric electrojet
currents, which can be modeled as spherical surface current
density J(, ), divided into divergence‐free (df) and curl‐
free (cf) components.
[7] Assuming that there is no significant potential drop
along the magnetic field lines, the Hall component of the
current, flowing antiparallel to the ionospheric ∣E × B∣ drift
is then mapping to the magnetosphere.
[8] This paper describes observation and simulation
results of the interaction of a fast forward shock with the
Earth’s bow shock, magnetopause and magnetosphere.
Section 2 describes used methods and global MHD simu-
lation Grand Unified Magnetosphere‐Ionosphere Coupling
Simulation, version 4 (GUMICS‐4). Section 3 introduces the
observations, section 4 discusses the disturbance direction
and speed, while section 5 concentrates on the wave modes.
Section 6 introduces the ionospheric observations and their
relation to high‐altitude magnetic field signatures. Section 7
concludes the paper with discussion.
2. Methodology
2.1. Minimum Variance Analysis, Coplanarity, and
Rankine‐Hugoniot Methods
[9] For the study of the disturbance propagation we need
to determine the disturbance normals and speeds. There are
a variety of approaches using observations from a single
spacecraft or simultaneous data from multiple spacecraft.
Some methods can only provide the shock normal. The
velocity of the disturbance is usually derived from the mass
flux conservation law:
Vs ¼ D V½ D  n ð2Þ
where Vs is disturbance speed, r is plasma density, and n is
normal vector, and the notation D [] refers to difference
across the shock.
[10] Variance analysis [Paschmann et al., 1988] is based
on searching for minimum change in one component of the
magnetic field from single spacecraft data. A single space-
craft passing through a 1‐D surface observes variations in
the magnetic field. Since r · B = 0, the normal component
of the magnetic field must be constant. Thus, the minimum
variance analysis looks for a unique direction along which
the product of B · n is zero. This direction corresponds to the
normal direction. This method can fail for pure MHD shock
solutions or if the three eigenvalues of the variance matrix
are not sufficiently distinct.
[11] The normal to a planar surface can be also determined
using the coplanarity theorem. Magnetic (MC) [Lepping and
Argentiero, 1971] and velocity (VC) [Abraham‐Shrauner,
1972] coplanarity conditions can be written as follows:
nMC ¼  Bd  Buð Þ D B½ j Bd  Buð Þ D B½ j ð3Þ
nVC ¼  Vd  VujVd  Vuj ð4Þ
where suffixes d and u in the equations denote downstream
and upstream of the disturbance, in the sense of direction of
the flow. The dominant change in velocity is usually along
the shock normal, especially when the plasma Mach number
ranges from moderate to high.
[12] Magnetic coplanarity determination fails for Bn = 0°
or 90°. It is also possible to combine both normal determi-
nations in finding the solution.
[13] Rankine‐Hugoniot (RH) conditions can be written as
the following set of equations [Szabo, 1994]:
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where VS is the shock speed along the normal, g is the ratio
of specific heats, m0 is the vacuum permeability, r is plasma
density, P = nkT is the total scalar isotropic thermal pres-
sure, and n^ is the shock normal unit vector. The subscripts n
and t refer to the normal and tangential components of the
above quantities. The variables Gn, Bn, St, Et, Sn, and "
denote the conserved quantities across the shock: the mass
flux, normal magnetic field, tangential momentum flux,
tangential electric field, normal momentum flux, and energy
flux. The notation D [] refers to the difference across the
shock.
[14] As magnetic coplanarity method does not work for
Bn = 0° or 90°, and minimum variance analysis fails for
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pure MHD shock solutions or if the variance direction is
degenerated, the best method for our calculations using
GUMICS‐4 simulation results were obtained by using the
minimum variance analysis. Velocity coplanarity method
provides good results at high Mach numbers and for Bn
near 0° or 90° for which magnetic stresses are unimportant.
[15] It is important to note that analyzing simulation results
where the field and plasma values are available at every grid
point is very different from using observations from single
spacecraft or even a cluster of several satellites. This means
that methods that are optimal for observational analysis are
not necessarily the best to use in the case of simulations.
2.2. GUMICS‐4 Simulation
[16] The GUMICS‐4 global magnetohydrodynamic
(MHD) simulation solves the ideal MHD equations to pro-
vide the self‐consistent temporal and spatial evolution of the
plasma dynamics in the magnetosphere and the solar wind
[Janhunen, 1996]. The fully conservative MHD equations
are solved in a simulation box extending from 32 RE
upstream of the Earth to −224 RE in the tailward direction
and ±64 RE in the directions perpendicular to the Sun‐Earth
line. The equations are solved in the geocentric solar ecliptic
(GSE) coordinates. The inner boundary of the MHD domain
is a spherical shell with a radius of 3.7 RE, which maps
along the dipole field to about 60° latitude. The MHD grid is
adaptive in a sense that the grid is automatically refined to a
minimum cell size of 0.25 RE whenever the code detects
large spatial gradients. Solar wind density, temperature,
velocity, and magnetic field are given as boundary condi-
tions along the sunward boundary while supersonic outflow
conditions are applied on the other boundaries of the sim-
ulation box. It is assumed that BX in the interplanetary field
is constant to ensure that the field at the sunward edge of the
simulation box is divergenceless.
[17] For the events studied in this paper, the simulation
was run with a maximum resolution of 0.25 RE, and the data
were stored at 1 min intervals. It is assumed that BX in the
interplanetary field is zero.
3. Event Introduction
[18] We examine a FFS event that occurred on 9
November 2002 (for detailed observations, see Andréeová
and Přech [2007]), in Figure 1. The FFS was observed by
Wind at 1724 UT, and had a shock normal vector (−0.99,
0.15, −0.05)RH in the GSE coordinates, as deduced using the
Wind data and the Rankine‐Hugoniot method. The inter-
planetary magnetic field was Parker‐spiral‐like. As Bz was
dominant and positive, northward IMF conditions prevailed.
FFS was observed first by ACE satellite, then by Wind
satellite, followed by Geotail satellite upstream the Earth’s
bow shock. Figure 1 shows observation by Geotail satellite
in the solar wind and GOES 8 satellite in the dayside
Figure 1. Event FFS observed by Geotail upstream the
Earth’s bow shock: the first panel shows total magnetic
field, the second panel shows total solar wind speed, and
the third panel shows solar wind plasma density. The fourth
panel shows observation of the GOES 8 high‐resolution
magnetic field data in local S/C coordinated (Ht is magni-
tude, and Hp is northward component (in red)). The fifth
panel shows positions of given satellites for the event. The
dashed line indicates the fast forward shock front. The
Jeřáb et al. [2005] and Petrinec and Russell [1996] mod-
els were used to determine the bow shock and magneto-
pause positions before the shock arrival. Ryz denotes the
distance from the X axis, distinguishing the dawn/dusk sides
(sign of Y), Ryz = sign(y) ·
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
y2 þ z2
p
.
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magnetosphere. The fifth panel in Figure 1 denotes positions
of given satellites for the event.
[19] For this event we found a very steep initial part of the
magnetic field compression in the GOES high‐resolution
data, with practically the same duration as the shock fronts
in the solar wind (about 10 s) as observed by Geotail sat-
ellite (Figure 1), followed by a small decrease of magnetic
field magnitude, and a second much slower increase. This
double step‐like structure lasted all together about 5 min.
4. Analysis of Disturbance Direction and Speed
[20] Observational analysis of the fast forward shock
propagation shows that disturbance speed in the Earth’s
magnetosphere is higher than the original shock speed in the
solar wind [Andréeová and Přech, 2007; Andréeová et al.,
2008], and MHD simulation of the event shows similar re-
sults. The evolution of the speed along the Sun‐Earth line is
schematically illustrated in Figure 2 (top left). The magne-
topause starts to move earthward with a speed of about
30 km/s after interaction with the FFS. At the same time, a
disturbance is launched at the magnetopause, propagating
inward through the Earth’s magnetosphere. Below, we will
use the velocity coplanarity method to calculate the distur-
bance propagation direction inside the magnetosphere. Also
the disturbance speed is computed.
[21] Figure 2 shows the disturbance propagation through
the Earth’s magnetosphere along a line, which is parallel to
Figure 2. GUMICS‐4 global MHD simulation results: (top left) Schematic illustration of the propaga-
tion along the Sun‐Earth line. The impulse disturbance speed is proportional to the steepness of the curve
in the X‐time plane. Interaction of the fast forward shock (FFS) with the bow shock (BS) results in a mod-
ified bow shock (dashed line) and a slower FFS, whose interaction with the magnetopause (MP) results in
an impulse disturbance (S) propagating inward. (top right) Noon‐midnight meridian view of the magne-
tosphere. North is to the right. The bow shock and magnetopause locations (solid lines) are shown
together with the locations modified by the shock interaction (dashed lines). The colored crosses indicate
locations from which simulation results are shown in Figure 2 (bottom). Color coding shows red in the
solar wind, green in the dayside, and blue to black colors in the nightside. (bottom left) Plasma density
from the simulation. The scale is indicated by the vertical bar in the top left corner. The scale on the left
indicates position in X; each curve starts from the X distance given by the scale. (bottom right) Magnetic
field intensity with the dipole field subtracted from the simulation in a format similar to Figure 2 (bottom
left).
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Figure 3. Interaction of the fast forward shock with the magnetosphere in the GUMICS‐4 global MHD
simulation. The first and second rows show the magnetic field temporal changes (DB/Dt), while the third
and fourth rows show the plasma density temporal changes (Dn/Dt) color coded, with color bars below
the four rows. Each row shows four times, 1752, 1754, 1756, and 1758 UT; times are shown at the top of
each column. The first and third rows show the magnetospheric equatorial plane, while the second and
fourth rows show the noon‐midnight meridian plane. The fifth row shows the field‐aligned currents in
the Northern Hemisphere ionosphere.
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the Sun‐Earth line and intersects the Polar satellite location
in the nightside. Comparison of these model results with
Polar observations are discussed by Andréeová et al. [2008].
Figure 2 (bottom) shows the density and magnetic field
compression propagation along that line. The multiple
curves show the density and magnetic field values at an X
distance given by the scale on the left at the start of the time
series at 1730 UT. Thus, the green to blue to purple colors
give the density and magnetic field at distances ranging
from 6 RE on the dayside to −15 RE on the nightside. It is
clearly seen that the highest compression in both quantities
was recorded in the dayside magnetosphere (values from the
solar wind and magnetosheath are not shown for clarity).
The compression of the magnetic field gradually decreases
approximately out to −10 RE, after which the structure of the
disturbance is changed rather to fluctuations. The plasma
density compression is also larger on the dayside, close to
the Earth the compression almost disappears. However, the
plasma density compression reappears in the nightside. Such
behavior is better illustrated in Figure 3, which shows the
response propagation in two different cross sections, noon‐
midnight meridian and equatorial planes.
[22] The first and second rows of Figure 3 show the time
derivative of the magnetic field in the equatorial and noon‐
midnight meridian planes, respectively. The third and fourth
rows in Figure 3 show similar derivatives for the plasma
density. The time differences were computed using two data
files saved 1 min apart. The first and second rows in Figure 3
show the two ways of propagation inside the magneto-
sphere: The first row in Figure 3 shows how the disturbance
propagates through the dayside plasma sheet and turns
around the inner tail toward the midnight sector plasma
sheet. This direction change explains why the compression
reappears in the nightside in Figure 2. The second row in
Figure 3 shows how the disturbance propagates very fast
along the magnetopause and somewhat slower through the
lobe regions, again showing that the inner tail is the last
region to record the disturbance. The third and fourth rows
in Figure 3 show how temporal changes of plasma density,
computed similarly to the field changes, evolve in time.
Disturbance propagates especially fast tailward along the
magnetopause, while changes are much smaller in the
propagation inside the magnetosphere. Although difficult
to see in this color scale chosen to highlight the initial
changes, a small enhancement of the plasma density inside
the magnetosphere was associated with the impulse dis-
turbance passage. The fifth row in Figure 3 shows the
field‐aligned currents and the formation of a four‐cell
convection pattern. In this case, the northward IMF and
slightly positive By caused a small asymmetry in the four‐
cell convection pattern.
5. Analysis of the Disturbance Mode in the
Magnetosphere
[23] Expanding the one‐dimensional view provided in
Figure 2 we calculate the position of the disturbance at
different times in the full three‐dimensional space inside the
magnetosphere, using minimum variance analysis. Figure 4
illustrates the shock/disturbance location during 1751–1759
UT, in 1 min time steps, as it propagates from the solar wind
through the Earth’s magnetosphere. Each color, representing
a 1 min time step, shows where the disturbance was
observed in the solar wind, magnetosheath and magneto-
sphere at that particular time. The inner part of the simula-
tion (ionosphere), bow shock, magnetopause, and locations
where no changes in plasma or magnetic field parameters
were observed are shown white. The interplanetary shock
propagated perpendicular to the Sun‐Earth line with con-
stant shock speed in the solar wind, which is shown in the
illustration as a vertical front during the first time steps in
the solar wind. After interaction with bow shock and later
with the magnetopause, the shock/disturbance front is
deformed and propagates with different speeds in different
locations. Figure 4 clearly depicts how the disturbance front
is carried by the magnetic field directly tailward through the
lobes and around the Earth in the equatorial plane, in concert
with the time series in Figure 3.
[24] Figure 5 shows the shock/disturbance speed (color
coding) and propagation direction (arrows) in the equatorial
plane (Figure 5, left) and in the noon‐midnight meridian
Figure 4. Shock/disturbance front propagation in time
from 1751 (dark violet color) till 1759 UT (red color) in
(top) the equatorial cross section and (bottom) the noon‐
midnight meridian plane. Color coding shows 1 min time
step.
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plane (Figure 5, right). Results, calculated from minimum
variance analysis (MVA), are in good agreement with a
previous observational study [see Andréeová et al., 2008].
[25] Note that the plots in Figure 5 do not represent a
single time step in the simulation. Rather, for each point in
space, the shock speed and orientation is determined at the
time when the disturbance first reaches that particular point
(see Figure 4). In practice, for each point in the three‐
dimensional grid, we compute the time evolution of v, n,
and B around the time of the shock arrival at that point. We
then evaluate the disturbance direction using single space-
craft methods (VC, MC, MVA, RH), taking averaged values
upstream and downstream of the discontinuity, and compute
the normal direction. Using equation (2) we compute the
impulse disturbance speed at each point. The final plot
shows the pathways of the shock/disturbance in the two
magnetospheric cut planes as the disturbance passes through
the inner parts of the magnetosphere.
[26] While the background solar wind speed is about
320 km/s, the shock speed in the solar wind is about
360 km/s. In the magnetosheath the shock speed varies from
150 to 300 km/s. The disturbance speed inside the magne-
tosphere varies roughly from 350 to 1500 km/s. The distur-
bance speed increase at the shock is also clearly visible.
6. Ionospheric Observation Versus
Magnetospheric Observation
[27] The fifth row in Figure 3 shows the field‐aligned
currents from the simulation. Figure 6 shows observation of
ionospheric equivalent current density derived from the
IMAGE magnetometer data with the 2‐D SECS method
[Amm and Viljanen, 1997; Pulkkinen et al., 2003]. The
equivalent current density is displayed by the black arrows.
Current with a westward component has negative sign (blue
color), current with a eastward component has positive sign
(red color). Equivalent current was very weak before
incoming shock related disturbance. At 1755 UT, a region
of westward current intensified in the middle of the IMAGE
region. At 1759 UT, a westward current weakened and
disappeared at 1800 UT, observing only eastward current.
7. Discussion and Conclusion
[28] Fast forward shock (FFS) interacts with the Earth’s
bow shock, magnetosheath and magnetopause; after inter-
action with the FFS, the bow shock is modified and moves
earthward. Shock front in the solar wind can be considered
to be planar in the magnetospheric scale. In the magne-
tosheath the shock front becomes curved near the flanks in
the magnetotail [Koval et al., 2005, 2006a, 2006b]. The
shock is decelerated after interaction with bow shock.
Magnetopause starts to move earthward after interaction
with the shock and launches different types of waves into
the magnetosphere. Deceleration of the shock in the Earth’s
magnetosheath and acceleration of the impulse disturbance
inside the magnetosphere in our study are in good agree-
ment with previous studies [Samsonov et al., 2006, 2007;
Yan and Lee, 1996].
[29] Figures 2 and 3 show impulse disturbance propaga-
tion from different views. The line plots show tracing of the
impulse disturbance from the solar wind toward the position
of the Polar satellite. Density compression disappears near
the terminator, but becomes again visible in the nightside.
On the other hand, the magnetic field compression is visible
at all x distances. In the nightside around −10 RE, however,
the compression changed rather into fluctuations in mag-
netic field when the background geomagnetic field becomes
less than 15 nT.
[30] In the magnetosphere, the magnetic field disturbance
propagates on one hand along the magnetopause, and on the
other hand through the lobes and plasma sheet directly
(Figure 3). The density disturbance propagates mostly along
the magnetopause. For northward (Bz > 0) interplanetary
magnetic field present in this event, four convection cells
Figure 5. Shock/disturbance speed and direction in the solar wind/magnetosheath/magnetosphere, using
MVA method. (left) Shock/disturbance speed (color coded) and propagation direction (lines) in the equa-
torial cross section. (right) Shock/disturbance speed (color coded) and propagation direction (lines) in the
noon‐midnight meridian plane. Lines represent shock/disturbance normal vectors to their fronts.
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were intensified in the ionosphere (fifth row in Figure 3),
driven by field‐aligned currents that initiated the disturbance
in the dayside ionosphere. This is in accordance with Palmroth
et al. [2004, 2007], who found that the ionospheric currents
intensify as a response to dynamic pressure changes in the
solar wind.
[31] The shock/disturbance speeds of 450–1500 km/s
discussed in this study and by Andréeová and Přech [2007]
are consistent with earlier studies written by Nopper et al.
[1982] and Wilken et al. [1982]. The impulse disturbance
speeds in the magnetosphere are higher than the original
shock speeds in the solar wind.
[32] In this study we observed weak reversal in equivalent
current direction. Mapped to the magnetosphere, the east-
ward equivalent current would correspond to the antisun-
ward plasma convection, and the westward equivalent
current would correspond to the sunward plasma convec-
tion. In this region, plasma convection should be antisun-
Figure 6. Ionospheric observation: field‐aligned current density. Blue denotes westward direction of the
flow, and red denotes eastward direction of the flow.
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ward. Convection was quite weak before incoming shock
related disturbance because of weak and northward IMF
(positive Bz), which was also observed by Juusola et al.
[2010]. In our study [Andréeová et al., 2008] we have
observed double step‐like structure in the dayside magne-
tosphere, observed by two satellites on both sites (dawn/
dusk) GOES 8, and GOES 10. For this event we found a
very steep initial part of the magnetic field compression in
the GOES high‐resolution data, with practically the same
duration as the shock fronts in the solar wind (about 10 s),
followed by a second much slower part. This double step‐
like structure lasted about 5 min. The first steep initial part
would be related to the shock related disturbance, which
may be followed by a reverse going wave, in the sense of
the original direction of the shock related disturbance. Such
reverse going wave is probably caused by the change in the
direction of plasma convection. Duration and reverse going
wave of this event is in good agreement with the ionospheric
observation of equivalent current reversal after the shock
related disturbance passage. Typically plasma should con-
vect sunward. Such reversal of the direction of the con-
vection could cause launching of the wave propagating with
the opposite direction to the original direction of the shock
related disturbance. Observing of second wave, related to
reversal of the plasma convection, coincided with the sec-
ond peak observed by GOES. Also, both signatures had
their peak amplitude approximately at the same time, around
17:57.
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